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Abstract

Protein digestion in the lesser grain borer,Rhyzopertha dominica(F.) (Coleoptera: Bostrichidae), results from the action of a
complex of serine proteinases present in the midgut. In this study we partially characterized trypsin-like enzyme activity against
N-α-benzoyl-l-argininep-nitroanilide (BApNA) in midgut preparations and cloned and sequenced three cDNAs for trypsinogen-
like proteins. BApNAase activity inR. dominicamidgut was significantly reduced by serine proteinase inhibitors and specific
inhibitors of trypsin, whereas BApNAase activity was not sensitive to specific inhibitors of chymotrypsin or aspartic proteinases.
However, trans-epoxysuccinyl-l-leucylamido-(4-guanidino) butane (E-64) inhibited BApNAase activity by about 30%. BApNAase
was most active in a broad pH range from about pH 7 to 9.5. The gut ofR. dominicais a tubular tract approximately 2.5 mm in
length. BApNAase activity was primarily located in the midgut region with about 1.5-fold more BApNAase activity in the anterior
region compared to that in the posterior region. Proteinases with apparent molecular masses of 23–24 kDa that were visualized on
casein zymograms following electrophoresis were inhibited by TLCK.

Three cDNAs for trypsinogen-like proteins were cloned and sequenced from mRNA ofR. dominicamidgut. The full cDNA
sequences consisted of open reading frames encoding 249, 293, and 255 amino acid residues forRdoT1, RdoT2, and RdoT3,
respectively. cDNAsRdoT1, RdoT2, andRdoT3 shared 77–81% sequence identity. The three encoded trypsinogens shared 54–62%
identity in their amino acid sequences and had 16–18 residues of signal peptides and 12–15 residues of activation peptides. The
three predicted mature trypsin-like enzymes had molecular masses of 23.1, 28, and 23.8 kDa forRdoT1, RdoT2, and RdoT3,
respectively. Typical features of these trypsin-like enzymes included the conserved N-terminal residues IVGG62–65, the catalytic
amino acid triad of serine proteinase active sites (His109, Asp156, Ser257), three pairs of conserved cysteine residues for disulfide
bridges, and the three residues (Asp251, Gly274, Gly284) that determine specificity in trypsin-like enzymes. In addition,RdoT2 has
both a PEST-like sequence at the C-terminus and a free Cys158 near the active site, suggesting instability of this enzyme and/or
sensitivity to thiol reagents. The sequences have been deposited in GenBank database (accession numbers AF130840 forRdoT1,
AF130841 forRdoT2, and AF130842 forRdoT3). Published by Elsevier Science Ltd.
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1. Introduction

Application of chemical protectants to grains and
grain products for insect pest management during stor-
age is being supplanted by more environmentally-sensi-
tive technologies. Several of these replacement techno-
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logies include improved sampling protocols for
monitoring pest insect populations and the increased use
of aeration and fumigation when appropriate (Hagstrum
and Subramanyam, 1996). Another technology that can
help maintain grain quality during storage is the devel-
opment of transformed cereals containing bioactive pro-
teins that suppress insect growth and reduce pest insect
population size (Baker and Kramer, 1996) and that can
subsequently reduce the need for chemical applications.
Such resistant cereals offer a passive technology that
could be easily integrated with all control strategies cur-
rently available in the storage ecosystem.



1054 Y-C. Zhu, J.E. Baker / Insect Biochemistry and Molecular Biology 29 (1999) 1053–1063

Bioactive proteins, such as digestive proteinase inhibi-
tors, engineered into wheat would be targeted against the
lesser grain borer,Rhyzopertha dominica(F.), and the
Sitophilus spp. grain weevils, the most economically-
important coleopterans that attack intact kernels. To
design and incorporate an inhibitor complex that would
adversely affect both species, knowledge of the bio-
chemistry of protein digestion in both species, including
relevant differences between the species, is necessary.
Such information is even more critical in view of the
known complexities of enzyme:inhibitor interactions
within the insect gut. These complexities include the
potential for adaptation to the presence of dietary inhibi-
tors by production of endoproteinases insensitive to a
given inhibitor (Broadway, 1995; Jongsma et al., 1995)
and the presence of multi-gene families of proteinases
with differential sensitivity of enzymes within the same
mechanistic class to a given inhibitor (Bown et al.,
1997).

More information is available on digestion inSito-
philusspp. compared with that available forR. dominica.
Although serine proteinases are present in low levels in
the three majorSitophilusspp (Baker, 1982), cysteine
proteinases are the predominant mechanistic class
(Murdock et al., 1987; Liang et al., 1991; Houseman and
Thie, 1993). InS. zeamaisMotschulsky, a gene family
encoding at least 4 cathepsinl-like cysteine proteinases
with different properties has been characterized
(Matsumoto et al. 1997, 1998).

Protein digestion inR. dominicais less-well studied
but evidence indicates that, in contrast to the activity of
cysteine proteinases inSitophilus spp., serine protein-
ases, including significant hydrolytic activity againstα-
benzoyl-dl-arginine-p-nitroanilide (BApNA), are pre-
dominant in this bostrichid beetle (Konarev and Fomich-
eva, 1991; Oppert et al., unpublished). The present paper
reports additional studies on the proteinases in theR.
dominica midgut including partial characterization of
BApNA-hydrolyzing enzymes and the cloning and
sequencing of three trypsinogen-like cDNAs from this
major pest of stored grain.

2. Materials and methods

2.1. Insect cultures

Stock culture ofR. dominicawere maintained on hard
red winter wheat at 27°C and 55–65% RH. Adults that
had emerged for 1–3 wk were generally used in these
studies.

2.2. Preparation of midgut homogenates

Intestinal tracts (about 2.5 mm in length) were dis-
sected in cold saline (128 mM NaCl, 4.7 mM KCl, 2.8

mM CaCl2) by holding and pressing the abdomen and by
removing the head simultaneously with forceps. Midgut
enzyme solution was prepared as described by Oppert et
al. (1994). After dissection, midguts were immersed in
ice-cold 1 mM dithiothreitol (DTT) at a ratio of 1 gut/5
µl buffer. The mixture was vortexed briefly and centri-
fuged for 2 min at 15,000g. Supernatant was transferred
to a new tube and frozen at220°C until assayed.

2.3. Proteinase inhibitors

Phenylmethylsulfonyl fluoride (PMSF), pepstatin,
trans-epoxysuccinyl-l-leucylamido-(4-guanidino) butane
(E-64), benzamidine, potato tuber carboxypeptidase
inhibitor (PCPI), TPCK, N-α-tosyl-l-lysine chlorome-
thyl ketone (TLCK), and soybean trypsin inhibitor (STI),
were obtained from Sigma Chemical Company. Stock
solutions were prepared in ethanol for pepstatin and
TPCK, and in H2O for the remaining inhibitors. Inhibi-
tors (1µl) were preincubated with 5µl enzyme solution
and 45µl 100 mM tris-chloride pH 8 for 15 min at 30°C.
Residual BApNAase activity was determined by
addition of 50µl BApNA in 100 mM tris-chloride pH
8 (final BApNA concentration was 0.5 mg/ml). Final
inhibitor concentrations are given in the Results. Mean
residual activity against BApNA was based on assays
with two groups of|150 midguts with triplicate analyses
for each inhibitor with each extract. A molar extinction
coefficient of 8800 mole21 l21 for p-nitroaniline was
used to determine specific activity.

2.4. pH optimum

The universal buffer system (pH 2–11.5) of Frugoni
(1957) was used to determine optimum pH for BAp-
NAase activity. In the assay, 5µl enzyme solution
(equivalent to enzyme from one midgut) was mixed with
50 µl universal buffer at each pH. The reaction was
started by adding 45µl of BApNA in 1% aqueous N,N-
dimethylformamide (final concentration of BApNA was
0.5 mg/ml). Absorbance at 405 nm was monitored for
10 min at 37°C. Blanks were included at each pH to
correct for endogenous hydrolysis of substrate. Results
are based on two groups of midguts with triplicate analy-
ses at each pH in the range pH 2 to pH 11.5.

2.5. Localization of proteinase activity

Intact intestinal tracts were divided into four regions:
foregut, anterior midgut, posterior midgut, and hindgut
and homogenates prepared as above. Enzyme solution
(5 µl) for each individual gut section was mixed with
95 µl of BApNA solution in 100 mM tris-chloride pH
8 (final BApNA concentration was 0.5 mg/ml) in a
microtiter plate. Absorbance at 405 nm was monitored.
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Mean activity was based on results with gut sections dis-
sected from five midguts.

2.6. Zymogram analysis

Five µl midgut enzyme solution was mixed with 1µl
of 100 mM TLCK in distilled H2O and incubated at
30°C for 2 hr in a capped microcentrifuge tube. The pre-
incubation concentration of TLCK was 17 mM. After
the preincubation, each sample was mixed with an equal
volume of 2× sample buffer (0.125 mM tris-chloride pH
6.8, 20% glycerol, 4% SDS, 0.005% bromophenol blue)
and loaded onto a 4–16% tris-glycine gel containing
blue-stainedβ-casein (Novex, San Diego, CA). Follow-
ing electrophoresis, enzymes were renatured in 2.5%
Triton X-100, and the gel was developed by following
manufacturer’s instructions.

2.7. Cloning trypsin-like protein cDNA

Approximately 0.5 g of adultR. dominicawas ground
in liquid nitrogen. Total RNA was extracted with guani-
dine thiocyanate solution and precipitated with isopro-
panol (Titus, 1991). The poly(A) RNA was isolated from
the total RNA using PolyATtract mRNA isolation sys-
tem (Promega, Madison, WI). To obtain the 39-end of
trypsin-like cDNA, reverse transcription was conducted,
and amplification of 39-end of cDNA was performed
using the 39-RACE (rapid amplification of cDNA end)
system (Gibco BRL Life–Technologies, Gaithersburg,
MD).

Polymerase chain reaction (PCR) was carried out with
an oligo-dT reverse primer and a forward degenerate
primer, 59-TGYCARGGNGAYWSNGGNGGNCC-
NYT-39, designed from a highly conserved region
(CQGDSGGPL) in bothManduca sextatrypsin and chy-
motrypsin cDNAs located approximately 250 bp from
the 39 end (Peterson et al. 1994, 1995). PCR-amplified
DNA fragments (|250 bp) were cloned into a p-GEM-
T vector (Promega, Madison, WI). Sequences of these
clones were determined by using an automated
sequencer. The cDNA sequence of the trypsin-like pro-
teins was confirmed by homology search of GenBank
provided by the National Center for Biotechnology
Information using Blastx protocol (Altschul et al., 1990;
Gish and States, 1993).

Three clones carried trypsin-like cDNA fragments
with different sequences. To obtain the full sequences
of these three trypsin-like cDNAs, two reverse primers
were designed for each clone based on the corresponding
39-end sequence of each cDNA (Fig. 2). Reverse tran-
scription for each trypsin-like clone was performed by
using the reverse primer and mRNA isolated from
midgut tissue dissected from 300 adults. One semi-
nested amplification was performed by using the 59-
RACE system (Gibco BRL Life–Technologies) with a

forward abridged anchor primer and an appropriate
reverse primer for each clone. DNA fragments (9650 bp)
resolved from 59-RACE amplification were cloned into
a p-GEM-T vector and sequenced from both directions
by using vector primers and appropriate primers
designed from the obtained cDNA sequence.

To verify the cDNA sequence of trypsinogen that was
determined by using Taq DNA polymerase, a thermost-
able proof-reading Pfu DNA polymerase (Promega) was
used to reamplify a full length trypsinogen cDNA frag-
ment from 39-RACE cDNA by using a forward primer
designed from the cDNA sequence determined with the
Taq polymerase and an oligo-dT reverse primer. This
fragment was A-tailed and cloned into a pGEM-T vec-
tor. The sequence of the insert was determined from
both directions.

The Wisconsin Sequence Analysis Package GCG
Unix version 9.0 (Genetics Computer Group, Madison,
WI) including Pileup, Gap, Motifs, Distances, and
Growtree programs was used to analyze the similarity
of trypsinogen sequences (gap weight=3, gap length
weight=1). Sequence analysis tools of the ExPASy Mol-
ecular Biology Server of Swiss Institute of Bioinformat-
ics were used to process data of deduced protein
sequences.

3. Results

3.1. Sensitivity of proteinases to inhibitors

Inhibitors of serine proteinases, or of trypsin, includ-
ing aprotinin, leupeptin, STI, TLCK, PMSF, and benza-
midine inhibited more than 88% of BApNAase activity
in R. dominicamidguts (Table 1). Chymostatin, a chym-
otrypsin inhibitor, and E-64, thought to be specific for
cysteine proteinases but also able to inhibit trypsin-like
activity depending on the substrate used (Sreedharan et
al., 1996), were moderately inhibitory (30–34%). Inhi-
bition of less than 10% was obtained with TPCK, cysta-
tin, PCPI and pepstatin. The effect of these latter four
inhibitors was not significantly different (P=0.05) from
uninhibited activity.

3.2. Influence of pH on BApNAase activity

BApNAase activity in midguts of adultR. dominica
increased gradually to a broad maximum level between
pH 6.5 and 9.5 and then declined (Fig. 1A). BApNAase
activities were less than one third of maximal activity
below pH 4.5.

3.3. Distribution of proteinase activity

Of total BApNAase activity recovered, 54% was
located in the anterior region of the midgut, and 30% in
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Table 1
Effect of selected proteinase inhibitors on BApNAase activity in extracts from midguts ofR. dominica

Inhibitors Conc. Target Enzyme Hydrolysis of BApNA
pmol/min/gut Relative activitya

Control – – 51.8 100 ab
Aprotinin 10 µM Serine protease 1.4 3 d
PMSF 5 mM Serine protease 4.2 8 d
STI 100µM Chymo-/trypsin 2.0 4 d
Chymostatin 10µM Chymotrypsin 36.1 70 c
TPCK 1 mM Chymotrypsin 46.8 90 b
TLCK 1 mM Trypsin 2.9 6 d
Leupeptin 200µM Serine/cysteine 1.7 3 d
E-64 100µM Cysteine 34.1 66 c
Cystatin 2µM Cysteine 48.5 94 b
Pepstatin 2µM Aspartic protease 56.6 109 a
Benzamidine 10 mM Arg. bind pocket 6.4 12 d
PCPI 5µM Carboxypeptidase 47.8 92 b

a Means followed by same letters are not significantly different (P=0.05).

the posterior region of the midgut. The remaining
activity (ca 16%) was in the hindgut. This latter activity
may be from contaminating midgut fluid passing into
the hindgut during dissection. There was no measurable
BApNAase activity in the foregut, which includes a
small crop region.

3.4. Proteinase zymograms

Seven bands with proteinase activity (P1–P7) from
midgut extracts ofR. dominicawere resolved in this gel
system (Fig. 1B, lane 2). When midgut extracts were
preincubated with TLCK and electrophoresed, protein-
ase P7 with a size of|23 kDa and the minor proteinases
P1–P5 that are larger than 30 kDa (lane 1) were com-
pletely suppressed by TLCK. Complete inhibition of P7
indicates that the activity associated with this band may
be trypsin-like. Activity in P6 was partially inhibited
by TLCK.

3.5. Trypsinogen-like protein cDNA

In the 39-RACE amplifications, a degenerate primer
was used, which was matched to cDNA sequences corre-
sponding to the active site of both trypsin and chymo-
trypsin-like enzymes. A total of 25 recombinant clones
from 39-RACE was sequenced. Four clones carried
inserts with deduced protein sequences that matched
trypsin-like protein sequences in the GenBank. Two of
the trypsin-like cDNAs contained identical sequences.
Full cDNA sequences for the three different trypsinogen-
like clones were successfully amplified and sequenced
from midgut mRNA using RT–PCR and 59-RACE clon-
ing protocols.

The three trypsinogen-like cDNAsRdoT1, RdoT2,
and RdoT3, amplified by using Pfu DNA polymerase,
contained 816, 940, and 850 nucleotides, respectively

(Figs. 2A to C). Each of these cDNAs contained a long
open-reading frame, the polyadenylation signal
AATAAA, and a poly A tail. The open reading frames
consisted of 747, 879, and 765 nucleotides for clones
RdoT1, RdoT2, andRdoT3, respectively.

3.6. Deduced protein sequences

The trypsinogen-like proteins encoded by clones
RdoT1, RdoT2, andRdoT3, are 249, 293, and 255 amino
acid residues long, respectively, and the corresponding
signal/activation peptides predicted by using Signal 1P
software (Nielsen et al., 1997) contained 18/12, 17/15,
and 16/13 amino acid residues. The calculated molecular
masses for the predicted mature enzymes were 23.1, 28,
and 23.8 kDa for clonesRdoT1, RdoT2, and RdoT3,
respectively, and the calculated pIs corresponding to
each of the predicted mature enzymes were 4.37, 3.85,
and 4.1, respectively. Based on multiple sequence align-
ment (Fig. 3), the C terminus ofRdoT2 differed from
those of the other two enzymes in having a very high
percentage of proline (34%) and glutamic acid (31%)
residues.

The three predicted amino acid sequences encoded by
the R. dominicatrypsinogen-like cDNAs were aligned
with seven highly homologous insect trypsinogen-like
proteinases from GenBank (Table 2, Fig. 3). These tryp-
sinogens contained the conserved IleValGlyGly62–65

sequence that is preceded by an arginine or lysine and
that is located at the N termini of most trypsinogens
(numbers are assigned based on total number of 337 resi-
dues of multiple alignment of 10 insect trypsinogens).
In this alignment, the three putative active site residues,
His109, Asp156, and Ser257 were conserved in all ten insect
trypsinogens. Six cysteine residues that were conserved
in all of these insect trypsinogen-like proteins were
located at positions 94, 110, 225, 241, 253, and 277.
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Fig. 1. (A) Effect of pH on BApNAase activity (pmol/min/gut) of
midgut preparations ofR. dominica (values are means±SE and
expressed relative to maximal activity); (B) Effect of preincubation of
R. dominicamidgut extract with TLCK prior to electrophoresis on
casein-containing gels. Lane M: molecular weight marker proteins;
lane 1, midgut enzymes preincubated with TLCK; lane 2, midgut
enzymes without inhibitor. P1 to P7 designated as proteinases 1 to 7.

These cysteine residues are predicted to occur in disul-
fide bridge configurations (Wang et al., 1993). In
addition to the conserved cysteine residues, the deduced
amino acid sequence ofRdoT2 contained a seventh cyst-
eine residue at position 158 (Fig. 3).

4. Discussion

4.1. Biochemical aspects of digestion in R. dominica

Characterization of the mechanistic classes of protein-
ases is complicated by a lack of distinct specificity of
inhibitors as well as the differential susceptibility or
specificity exhibited by different trypsin and chymotryp-
sin substrates (Johnston et al., 1995). However, activity
measurements against BApNA in R. dominica, and inhi-
bition of activity against this specific substrate by selec-
ted serine proteinase inhibitors provides evidence sup-
porting Konarev and Fomicheva (1991) and Oppert et
al. (unpublished) that serine proteinases are actively
involved in protein digestion in this stored product
beetle. We have no evidence that aspartic or cysteine
proteinases contribute significantly to the digestive pro-
cess (Zhu and Baker, unpublished).

R. dominicais phylogenetically placed among wood
eating species in the superfamily Bostrichoidea, distinct
and in another evolutionary branch from the seed-eating
Sitophilusspp. weevils in the Cuculionoidea. Although
the two species feed and are major pests in an identical
ecosystem (i.e. most stored cereals), digestion of dietary
protein involves a complex of qualitatively different pro-
teinases in the two species, serine proteinases inR. domi-
nica and cysteine proteinases inSitophilus (see
Introduction). These data support the hypotheses of
Terra (1988) and Terra and Ferreira (1994) concerning
the importance of phylogeny rather than adaptation to
diet itself in the evolution of digestive processes.

Hydrolases responsible for initial, intermediate, and
final digestion of dietary protein in insects are morpho-
logically arranged within and along the midgut (Terra
and Ferreira, 1994). We assume the endoproteinase
activity in R. dominicais from the luminal fluid or endo-
peritrophic region of the adult midgut. However, because
of the small size of the gut in this species, we could only
divide the midgut into anterior and posterior regions. In
larvae of Manduca sexta, chymotrypsin mRNA was
expressed more in the anterior and middle portions of
the midgut, whereas trypsin-like mRNA was higher in
the middle and posterior sections (Peterson et al., 1995).
Because there are at least three trypsin genes present in
R. dominica, additional studies will be required to deter-
mine if different genes are expressed differentially in dif-
ferent regions of the midgut. In addition, the anterior
region of the midgut ofR. dominicais slightly more
acidic than the posterior region, ranging from about pH
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Fig. 2. Nucleotide and deduced amino acid sequences of trypsinogen-like cDNA isolated fromR. dominicamidgut RNA. (A) cDNA sequence
of RdoT1; (B) cDNA sequence ofRdoT2; (C) cDNA sequence ofRdoT3. ATG=start codon; TAA=termination codon; AATAAA=polyadenylation
signal; ↑=predicted signal peptide cleavage site;G=predicted activation peptide cleavage site. IVGG are conserved N-terminal residues. Primer
sequences used for cloning and sequencing cDNA are underlined and labeled on the top.
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Fig. 3. Predicted amino acid sequences of trypsinogen-like proteins
from R. dominicaand alignment with seven other insect trypsinogen-
like sequences.RdoT1=R. dominicatrypsin precursor 1;RdoT2=R.
dominicatrypsin precursor 2;RdoT3=R. dominicatrypsin precursor 3;
DmeT29=trypsin-like proteinase Try29F of the fruit flyD. melanogas-
ter; AgaT7=trypsin 7 precursor of African malaria mosquitoA. gam-
biae; AaeT3=trypsin 3A1 precursor of yellow fever mosquitoA.
aegypti; AgaT1=trypsin 1 precursor of African malaria mosquitoA.
gambiae; DerTe=trypsin ETA precursor of fruit flyD. erecta; AgaT3-
=trypsin 3 precursor of African malaria mosquitoA. gambiae; AgaT4=-
trypsin 4 precursor of African malaria mosquitoA. gambiae.Func-
tionally important residues are boxed and indicated with bold letters.
Cysteines corresponding to the sites of the predicted disulfide bridges
are marked with bold letters and solid diamonds (r) on the top. Tryp-
sin specificity determinant residues are indicated with () on the top
of sequences. Identical residues among all ten sequences are indicated
with stars (★) at the bottom of sequences. The arrow (↓) indicates the
N-terminal residues of the active enzymes. Hyphen represents
sequence alignment gaps.

Table 2
Phylogenic relationship (GCG) between trypsinogen-like proteins ofR. dominicaand seven highly similar trypsinogen-like proteins from other
insect species

Species Trypsin Identity to Identity to Identity to Phylogenic
precursor RdoT1 (%) RdoT2 (%) RdoT3 (%) tree

R. dominica RdoT2 54 – 62
R. dominica RdoT3 56 62 –
R. dominica RdoT1 – 54 56
A. aegypti 3A1 50 49 49
D. erecta ETA 49 50 48
D. melanogaster Try29F 50 55 53
A. gambiae 1 47 52 55
A. gambiae 3 46 51 54
A. gambiae 7 49 57 54
A. gambiae 4 46 52 52

5.2 to 7.2 (Sinha, 1959), but it is not known how
endogenous proteinase activity might be affected by
these differences.

A total of seven activity bands were detected with a
casein zymogram following electrophoresis of midgut
preparations fromR. dominica. Four minor bands (P1–
P4, Fig. 1B) with molecular masses above 50 kDa and
three major bands (P5–P7) with molecular masses esti-
mated to be between 23 and 32 kDa were resolved in
the gel system. P5 and P6 are partially to completely
suppressed by preincubation of sample with TPCK (Zhu
and Baker, unpublished). In the current study, P5 and
P7 were totally suppressed and P6 was partially sup-
pressed by TLCK, suggesting that trypsin-like protein-
ases contributed most activity to P7 and that both trypsin
and chymotrypsin-like proteinases may contribute to P6.
P6 and P7 had similar migration rates in this gel system
which corresponded to molecular masses estimated to
be about 23 kDa. The size of these proteinases matched
molecular masses of chymotrypsin(23.8 kDa) (Zhu and
Baker, unpublished) andRdoT1 (23.1 kDa) andRdoT3
(23.9 kDa) deduced from cDNAs cloned in this study.

4.2. Molecular aspects of digestive proteinases

In this study we cloned 3 cDNAs fromR. dominica
midgut that encode trypsinogen-like proteins. All three
cDNAs encode a sequence IleValGlyGly (Figs. 2 and 3)
which is highly conserved in many trypsin- and chymo-
trypsin-like proteinases and marks the N-termini of the
active enzymes (Jany and Haug, 1983; Wang et al.,
1993). The cDNARdoT2 encodes a 35 residue C ter-
minus which is not conserved with other insect trypsino-
gens (Fig. 3). The C terminal region is rich with proline
(34%) and glutamic acid (31%) residues, which is simi-
lar to the PEST sequences thought to regulate a rapid
degradation of the protein (Maekawa et al., 1998; Lee
et al., 1997; Langenfeld et al., 1997) or to mediate phos-
phorylation of the protein (Marchal et al., 1998). It is
possible that an instability ofRdoT2 because of the
PEST-like sequence associated with this enzyme may be

the reason that there was no distinct hydrolysis of casein
on the zymograms at the 28 kDa region (Fig. 1B).

A scan of the PROSITE database revealed that the
deduced protein sequences of these cDNAs fromR.
dominica belong to the trypsin family of serine pro-
teases. The same results were obtained with a search of
the GenBank database by using the Blastx non-redun-
dant program. From this latter search, similar sequences
included trypsin-like proteinase Try29F of the fruit fly
Drosophila melanogaster(Paululat, 1996), trypsin 7 pre-
cursor of African malaria mosquitoAnopheles gambiae
(Müller et al., 1993), trypsin 3A1 precursor of yellow
fever mosquitoAedes aegypti(Kalhok et al., 1993), tryp-
sin 1 precursor of African malaria mosquitoA. gambiae
(Müller et al., 1993), trypsin ETA precursor of fruit fly
D. erecta(Wang and Hickey, 1996), trypsin 3 precursor
of African malaria mosquitoA. gambiae(Müller et al.,
1993), and trypsin 4 precursor of African malaria mos-
quito A. gambiae(Müller et al., 1993).

GCG Gap analysis indicated that the deduced tryp-
sinogen-like protein sequenceRdoT2 from R. dominica
was most similar to theRdoT3 with 71% sequence simi-
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larity and 62% identity, and to the trypsin 7 precursor
of African malaria mosquitoA. gambiaewith 66% simi-
larity and 57% identity in the amino acid residues (Table
2). Sequence analyses using GCG Distances and
Growtree methods also indicated that the trypsinogen-
like protein sequence fromR. dominicawas very similar
to the trypsin 3A1 precursor of yellow fever mosquito
A. aegyptiand the trypsin ETA precursor of the fruit fly
D. erecta(Table 2).

The predicted amino acid sequences encoded by the
threeR. dominicacDNAs were aligned with seven hom-
ologous insect trypsin-like proteases (Fig. 3). These
sequences contained all of the conserved residues rep-
resenting typical features for trypsin proteinases. The
putative active site residues, His109, Asp156, Ser257 (Fig.
3), which form the catalytic triad in serine proteases are
conserved in all of these sequences (Kraut, 1977; Wang
et al., 1993; Peterson et al., 1994). Six cysteine residues,
predicted to occur in disulfide bridge configurations
among trypsins and chymotrypsins, exhibited the same
conserved pattern of cysteine residues found in all ten
insect serine proteinases. The residues (Asp251, Gly274,
Gly284) which define the substrate binding pocket also
were highly conserved in all of these trypsin-like
enzymes. In these enzymes, Asp251 is predicted to be
located at the bottom of the binding pocket. The Asp
residue at this position determines specificity in both
invertebrate and vertebrate trypsins by stabilizing the
Lys or Arg residue at the substrate cleavage site through
ionic interactions (Hedstrom et al., 1992; Wang et al.,
1993).

Among the three deduced trypsin protein sequences
of R. dominica, RdoT1, RdoT2 andRdoT3 had 6, 7, and
6 cysteine residues, respectively. Besides three pairs of
conserved cysteine residues, a Cys158 was present in
RdoT2, which was located near the catalytic triad, a
putative novel position for serine proteases (Sasaki et
al., 1993).

It is very likely that Cys158 in RdoT2 is a free cysteine
residue. Jongsma et al. (1996) and Gatehouse et al.
(1997) suggested that a free cysteine in the active site
or elsewhere on the protein made it sensitive to thiol-
reacting inhibitors. In the current study, approximately
34% of BApNAase activity was suppressed by E-64,
whereas only 6% of the activity was inhibited by cysta-
tin. The presence of a free Cys158 in RdoT2 of R. domin-
ica may make this enzyme sensitive to E-64, which has
recently been shown to also inhibit trypsin activity
against BApNA (Sreedharan et al., 1996).

Trypsin gene families have been found in other insects
including three cDNAs encoding alkaline midgut tryp-
sins cloned fromM. sexta(Peterson et al., 1994), and
seven trypsinogen cDNAs identified inA. gambiae
(Müller et al., 1993). In mosquitos, anearly trypsin may
play a role in initiating a cascade of events leading to the
subsequent expression oflate trypsins (Barillas-Mury et

al., 1995), and different trypsins may represent the func-
tional homologues of theearly trypsin (Müller et al.,
1995). Wang et al. (1995) suggested that ancestors of
dipterans and lepidopterans may have had only one tryp-
sin gene, but that some species may have gained extra
copies by subsequent gene duplications.

The adaptive value of multigene trypsin families is
not clear. Multigene trypsin families may have evolved
to provide a more efficient mechanism for protein diges-
tion as well as to provide an adaptive advantage for phy-
tophagous species feeding on plants that contain protein-
ase inhibitors (Bown et al., 1997; Reeck et al., 1998).
Multigene families may allow the induction of protein-
ases that are insensitive to dietary inhibition, as noted
by Jongsma et al. (1995), Broadway (1995) and Bolter
and Jongsma (1995), or initiate proteolysis of proteinase
inhibitors by non-target digestive proteinases (Michaud
et al., 1995). We have confirmed thatR. dominicahas
evolved a complex of at least three trypsin-like genes
involved in protein digestion. BecauseS. zeamaishas a
corresponding family of at least four cysteine proteinases
that may be involved in digestion (Matsumoto et al.,
1997), successful development of transformed cereal
cultivars resistant to both pest species will require not
only the presence of stacked cysteine and serine protein-
ase inhibitors, but knowledge of the sensitivity of indi-
vidual members within each proteinase family in both
insect species to each inhibitor selected.
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